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ABSTRACT

In a crystal oscillator for solid state wristwatches, the
input of an impedance converter is connected to the
output of a complementarily connected transistor am-
plifier which performs linear operation within its essen-
tial operating range, to thereby stabilize and decrease
the output impedance of the amplifier on the average.
The impedance converter includes one or more active
elements such as MOSFET’s, junction type FET’s and
bipolar transistors. A quartz resonator is connected
between the input of the complementarily connected

[56] References Cited | transistor amplifier and the output of the impedance
| converter.
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CRYSTAL OSCILLATOR IMPLEMENTED WITH
CMOS TECHNOLOGY

This is a divisional of application Ser. No. 868,432,
filed Jan. 10, 1978, now abandoned, which is a divi-
sional of application Ser. No. 760,522, filed Jan. 19, 1977
and now U.S. Pat. No. 4,091,338.

BACKGROUND OF THE INVENTION

The present invention relates to CMOS amplifiers
useful for crystal oscillators.

In the past, a CMOS analog amplifier as illustrated in
FIG. 1 was employed as an amplifier in crystal oscilla-
tors for a variety of electronic apparatuses for example
solid state wristwatches to fulfill low power consump-
tion requirements. The amplifier includes a basic in-
verter consisting of a P-channel MOS transistor P and
an N-channel MOS transistor N, and a resistor Rrof a
high resistance value connected between an input termi-
nal V;, and an output terminal V,,; of the complemen-
tary MOS imverter for biasing purposes. Advanta-
geously, the circuit exhibits high gain, low power dissi-
pation performance characteristics while retaining sim-
ple circuit construction.

Nevertheless, one difficulty 1s experienced in reduc-
ing the output impedance in the vicinity of the operat-
ing center of the CMOS inverter. If the output impe-
dance is forced into a low impedance state, there is a
requirement that the mutual conductance of the P-chan-
nel and N-channel MOS transistors be increased while
the threshold level voltage V,; thereof be decreased.
Those requirements result in an increase in dissipation
of current. In addition, because the output impedance is
constructed by active elements such as MOS transistors,
the output impedance is greatly varied in accordance
with input and output potential levels, power supply
voltages, temperatures,; etc.

FIG. 2 depicts interrelation among an input voltage
Vin, an output voltage V,y;, output impedance Ry,
current I. flowing through P- and N- MOS transistors
when supplied with a voltage (V pp-Vss), which occur
within the CMOS analog amplifier of FIG. 1.

‘The graph (I) in FIG. 2 shows a V-V, characteris-
tic of a conventional CMOS transistor, indicating that
Vn1s biased at the substantially same as V,,; via the bias
resistor Rrand thus the CMOS operating center Vg, is
given. The graph (II) shows the dependency of the
output impedance Ryyr upon variations in the output
voltage V,yy, indicating that Ry, tends to take a maxi-
mum at the operating center V. and reduce when the
power supply potential approximates either Vpp or
Vss. Analysis of the graph (Il) also reveals the fact that
a reduction in the power supply voltage (V pp-Vss) and
a temperature rise permit the output impedance Ryy: to
be increased as suggested by the curves (1) and (2).

The graph (III) shows variations in the current I
flowing through the CMOS when supplied with (V pp-
Vss), as a function of the input potential V;,. While the
current I. has a peak at the operating center, the same is
correspondingly reduced in accordance with a degree
of deviation from the operating center V.

FIG. 3 shows an example wherein the above dis-
cussed type of the amplifier is applied to timekeeping
crystal oscillators having a frequency of about 32.768
KHz. A quartz resonator is denoted as X and phase
shifting or frequency adjustment capacitors are denoted
as Cj and C;. When the crystal impedance value (here-
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inafter referred to as the CI of the quartz resonator X is
relatively small (typically, in the order of several tens
KQ), the crystal oscillator of FIG. 3 is satisfactory for
practical use of timekeeping devices. The critical condi-
tions for practical use of timekeeping devices are that
changes in oscillation frequency due to power supply
voltage change Af/f.V be below 1.0 sec/day.V, dissipa-
tion of current under a voltage supply of 1.6 V be below
5 nA, the lowest oscillation initiating voltage be below
1.4 V and the oscillation initiating period be within 8
seconds. ‘

However, if CI of the quartz resonator X is increased
beyond 100 K{}, the circuit of FIG. 1 can fulfill these
requirements no longer. In the event.that CI is several
hundred K{}, oscillation will be very difficult. It is be-
lieved that this 1s caused by the above disadvantages
mentioned with respect to the CMOS analog amplifier
of FIG. 1. _

In a characteristic diagram of FIG. 2, the difficulty in
reducing the output impedance Romax in the vicinity of
the operating center V4 causes the period of time re-
quired for initiating oscillation to be considerably
longer because 1t 1s difficult to excite the quartz resona-
tor 1n order to initiate oscillation. In addition, the diffi-
culty in reducing the average of the output impedance
R,y implies an increase in the oscillation initiating volt-
age 1S required.

The greater the variations in the output impedance
Rour of the amplifier as a function of power voltage
variations, the greater the regulation of the oscillation
frequency. Although silver batteries recommended for
use in solid state wristwatches can provide a compara-
tively stable discharge voltage when loaded with a
light-load, their temperature dependencies vary from
battery to battery to thereby adversely effect the perfor-
mances of the oscillator.

When the CI of the quartz resonator is increased in
this way, the attenuation factor of a feed-back system
including a phase shifter is correspondingly increased.
As a consequence, the difficulty in initiating oscillation
1s still not avoided since the maximum and average of
the output impedance Ry, of the amplifier remain un-
changed at their high values. |

Accordingly, it 1s a primary object of the present
invention to provide an improved amplifier suited for
effectively exciting quartz resonators of relatively high
CI, which has the advantage of comparatively high
gain, comparatively low output impedance, minimized
variations in output impedance, and minimized power
dissipation.

BRIEF DESCRIPTION OF DRAWINGS

Other objects and novel features of the present inven-
tion are set forth in the appended claims and the present
invention as to its organization and its mode of opera-
tion will best be understood from a consideration of the
following detailed description of the preferred embodi-
ments taken in connection with the accompanying
drawings, wherein:

FIG. 1 1s a circuit diagram of a prior art CMOS ana-
log amplifier;

FIG. 2 is a graph showing the operating characteris-
tics of the analog amplifier of FIG. 1;

FIG. 3 1s a circuit diagram of an example of applica-
tions of the analog amplifier of FIG. 1; P FIG. 4 is a
circuit diagram of one preferred form of an analog

amplifier constructed in accordance with the present
invention; N
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FIGS. 5(a), 5(b), 5(c) and $(d) are circuit diagrams of
examples of the essential implementations of the circuit
of FIG. 4; | R |

FIG. 6 1s a graph showing operating characteristics
of the example shown in FIG. 5(a); 5

FIG. 7 1s a circuit diagram of another preferred form
of the present invention;

FIG. 8 1s a graph showing operating characteristics
of the circuit of FIG. 7 for illustration of operation;

FIG. 9 1s a circuit diagram of an example of applica-
tion of the present invention;

FIG. 10 is a graph showing operating characteristics
of the embodiment of FIG. 7;

FIG. 11 1s a circuit diagram of still another preferred
form of the present invention;

FIG. 12 1s a circuit diagram of another preferred form
of the present invention;

FIG. 13 is a circuit diagram of a resistor load MOS
amplifier; |

FIG. 14 1s a graph showing operating characteristics 20
of the amplifier of FIG. 13;

FIG. 15 is a circuit diagram of one preferred form of
the present invention utilizing the resistor-loaded MOS
amplifier; |

FIG. 16 1s a circuit diagram of another preferred form 25
of the present invention utilizing the resistor-loaded
MOS amplifier;

FIG. 17 is a graph of characteristic curves for the
purpose of illustration of operation of the embodiments
of FIGS. 15 and 16;

FIG. 18 is a circuit diagram of a multi-stage amplifier
utilizing the portion of the circuit of FIG. 16;

FIG. 19 1s a circuit diagram of an oscillator utilizing
the multi-stage amplifier of FIG. 18;

FIG. 20 1s a graph showing frequency characteristic 35
of the amplifier of FIG. 9;

FIG. 21 1s a circuit diagram of one preferred form of
the present invention effective to improve the fre-
quency characteristic of FIG. 20;

FIG. 22 is a circuit diagram of an oscillator incorpo- 40
rating the embodiment of FIG. 21 thereinto; and

FIGS. 23 and 24 are graphic representations of oper-
ating characteristics of the circuit of FIG. 22.

DETAILED DESCRIPTION OF INVENTION

Attention is initially called to FIG. 4 of the drawings
which illustrates a basic construction of an amplifier
embodying the present invention. A CMOS analog
amplifier having high gain and low power consumption
properties as briefly described above is provided at its 50
output with an impedance converter IC which has a
considerably higher input impedance and a considera-
bly lower output impedance, for the purposes of reduc-
Ing the output impedance of the CMOS analog ampli-
fier. The resulting circuit arrangement assures low out-
put impedance and low power consumption while keep-
ing the high gain properties of the CMOS scheme.

The impedance converter IC may take a variety of
forms some of which are shown in FIGS. 5(a) through
5(d).

In case where the basic circuit construction is in the
form of CMOS as described above, a MOSFET fol-
lower as suggested in FIG. 5(a) is most beneficial be-
cause of its simplicity of integrated circuit manufacture.
However, when taking only the function of the impe-
dance converter into account, a junction type FET of
- FIG. 3(b), or bipolar transistors of FIGS. 5(c¢) and 5(d)
may be equally applicable. In any case, since the output
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4

impedance of the CMOS analog amplifier 1s considera-
bly high, it 1s recommended that the input impedance of
the impedance converter IC be as high as possible. To
this end, for the emitter follower of FIG. 5(c) 8 should
be as high as possible. In case of FIG. 5(d), a Darlington
Connection may be used. Moreover, super-£ transistors

‘may be employed. Other elements may be employed as

far as they do not interfere with the performances of the
impedance converter. In the case of FET’s, P-channel
or N-channel enhancement mode or depletion mode
FET’s are optionally selectable. In the case of bipolar
transistors, either PNP type or NPN type transistors
may be useful.

In the examples of FIGS. §(a) through 5(d) there 1s
provided a resistor R as a passive element at their out-
put portions. This causes variations in the output impe-
dance due to variations in power supply voltage and
temperature to be greatly reduced as compared with the
circuit of FIG. 1 wherein the output impedance is estab-
lished by only passive elements.

The output impedance itself may be optionally deter-
mined by the resistor R and the gm of the transistors.
However, in determining and more particularly reduc-
ing the output impedance, care must be taken not to
Increase current consumption.

FIG. 6 illustrates correlation among input voltage
Vin', output voltage V,yuy, output impedance Ry, cur-
rent Irflowing through the MOSFET and the resistor R
when supplied with power voltage Vpp-Vgs, etc.

The graph (I) shows V;,’ versus V,,; characteristic of
a MOSFET follower. The presence of the threshold
voltage Vy inherent to the MOSFET develops no out-
put V. while the input V" changes from Vg to Vi,
The gain should not be more than 1 from the viewpoint
of the operating principle of the follower amplifier. In
other words, the maximum of the output Vs never
reaches Vpp in contrast with the CMOS scheme.

The graph (II) indicates the development of the out-
put impedance Ryyr of the MOSFET follower:as a func-
tion of variations in the output potential V. Since the
MOSFET is in the pinch off state before the input V;,’
changes from Vg to Vyy, the output impedance Ry 18
the very output resistor R. As the input V;,,’ exceeds the
voltage V; and advances toward the voltage Vpp, the
internal resistance of the MOSFET is correspondingly
reduced, thereby accomplishing a reduction of the out-
put impedance Ry |

Within the graph (II), the curve (1) represents the
output impedance R,y when power supply voltage is
between Vpp-Vss and at room temperature, whereas
the curve (2) represents the same when the power sup-
ply voltage is between Vpp-Vss and at a higher than
room temperature. It will be clear from the curves that
the output impedance in the case (2) is higher than in the
case (1). |

The graph (III) depicts the current 1z flowing across
the power terminals Vpp and Vgs of the MOSFET
follower when supplied with Vpp-Vgs, as a function of
the input potential V;,". Since the MOSFET 1is in the
pinch off state, it permits little or no current Igtill the
input V' reaches the voltage V. However, when the
input V;, is increased beyond the voltage V; to ap-
proach the voltage V pp, the ON resistance of the MOS-
FET i1s decreased and the current Iris increased.

An amplifier arrangement which employs as a buffer
means for the CMOS analog amplifier, the MOSFET
follower having the above discussed properties, is illus-
trated in FIG. 7. An N-channel MOSFET forming the
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- follower circuit is denoted as N'. While the output ter-
minal of the CMOS analog amplifier is commonly con-
nected to the input terminal of the next succeeding stage
MOS follower, both are respectively denoted as V,y;,
Vin' for the sake of explanation only. A total of the
consumption current I, of the CMOS analog amplifier
and the consumption current Iz of the MOS follower is
denoted as I7as shown in FIG. 8.

FIG. 8 illustrates some of the operating characteris-
tics of the CMOS analog amplifier. The graph (I) de-
picts relationship between the input potential V;, and
the output potential V,,/; the graph (II) depicts rela-
tionship between the input potential V;," and the output
potential V,,; within the MOS follower; the graph (III)
depicts relationship between the output potential Vy,
and the output impedance Royr; and the graph (IV)
depicts relationship between the input potential V;, and
the consumption current I, and IF and the total con-
- sumption current I7. These graphs are provided for
comparison between the basic CMOS amplifier of FIG.
2 and the MOSFET follower of FIG. 7.

It is obvious from relationship between the curve (I)
in the graph (III) and the curve (3) in the graph (IV) and
relationship between the curve (2) in the graph (III) and
the curve (4) in the graph (IV) that intention to reduce
the output impedance R,y leads to an increase in the
consumption current I..

Analysis of the curve (5) in the graph (III) reveals
that the output impedance R, always stands below the
resistance value of the output resistor R for all of the
possible output potentials by employment of the MOS
tfollower driver. While the output voltage is biased with
the operating center V poc of the MOS follower output,
the peak of the output impedance R,y does not stand in
the vicinity of the operating center Vgoc in contrast
with the basic CMOS amplifier.

- Accordingly, the circuit of FIG. 7 is effective since
the output impedance R, at the operating center
shouid be low.

S

10

15

20

25

30

35

As stated earlier, in case of the basic CMOS amplifier 40

of FIG. 1, the only way to reduce the output impedance
1s to increase gm of the P- and N-MOS transistors or to
decrease V. This results in an increase in consumption
current. However, since pursuant to the circuit of FIG.
7 the output of the CMOS analog amplifier is utilized
only to drive a gate capacitor of the next succeeding
state MOS follower, the output impedance of the
CMOS amplifier may be sufficiently high as not to dis-
turb the frequency characteristic of the amplifier. For
example, the characteristics as suggested by the curve
(2) of the graph (III) and the curve (4) of the graph (IV)
may be employed. In other words, it is not difficult to
reduce the voltage gain even if P- and N-MOS transis-
tors within the CMOS scheme assume smaller gm. This
enables the consumption current I.in the CMOS ampli-
fier region to be largely reduced.

Moreover, since the circuit of FIG. 7 is such that the
output impedance R,y is established by the MOS fol-
lower including one passive element (that is, the resistor
R; the only factor causing variations in its resistance is
temperature) but excluding one active element (that is,
the MOS transistor), the output impedance Ry, of the
MOS follower circuit is scarcely varied due to varia-
tions in the input and output potentials, the power sup-
ply voltage, temperature, etc.

The following describes the consumption current I
in the MOS follower circuit. The curve (6) in the graph
(IV) of FIG. 8 illustrates changes in the consumption
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current Izin the MOS follower circuit as a function of
changes in the input potential V;,. No current I flows

~ till the input potential V' is increased from Vssto V.

As Vy,' approaches Vpp through Vy, IFis increased.
When Vpp is exceeded, Irtakes a maximum.

Voltage Vi, an input voltage V;, of the CMOS ampli-
fier, 1s sufficient to permit the output voltage V,,/ of
the CMOS amplifier to continue saturating at the volt-
age Vpp. Voltage Vin, also an input voltage V;, of the
CMOS amplifier is sufficient to permit the input poten-
tial Vi," of the MOS follower to reach the voltage V.

No current Irwill flow during a period of time where
the input voltage V;, is between the voltage Vpp and
the voltage Vin. .

The current Ir is increased as the voltage changes
from the voltage Vi, to the voltage V. But, I be-
comes constant during transition from Vto V. When
variations in the consumption current I, responsive to
variations in the input voltage V;, are described by the
curve (4) in the graph (IV) of FIG. 8, the total con-
sumption current I7 will be Ir+1. as viewed from the
curve (7). |

In the circuit of FIG. 7 it is possible to utilize the
output Vo, since it has relatively good linearity and a
relatively good amplitude characteristic. The output
Vour 18, therefore, useful when driving a light-load.

Accordingly, when the amplifier embodying the
present invention is combined with quartz resonators of
higher CI in crystal oscillators for solid state timekeep-
ing devices, the amplifier gives excellent oscillation
characteristics. More particularly, it is possible to re-
duce the oscillation initiating duration, the oscillation
initiating voltage and the oscillating frequency devia-
tion and power consumption. In addition, signals of
large amplitude are obtainable through the utilization of
the output terminal V,,, to assure a simplicity in a pulse
re-shaping circuit of the next succeeding stage. FIG. 9 is
an example wherein excitation of the crystal oscillator,
having requirement for lowered output impedance, is
through the output V,,; of the MOS follower and signal
stretching is through the output V,,/ of the CMOS
amplifier. The output is re-shaped easily by introduction
into a CMOS re-shaping circuit I,,.

An example of practical conditions is as follows: the
MOS transistor N" within the MOS follower amplifier is
an N-channel one wherein 8-+-400 pv/V and Vth=0.7
V at 1 uA; the resistor R is 470 KQ); the quartz resona-
tor X has a nominal oscillation frequency of 32.768
KHz; CI 1s 265 K(}; capacitors C; and C; are respec-
tively 19 pF and 81 pF. When Vpp-Vss=1.6V and
room temperature 25° C., Ir=1.35 uA, [.=1.95 RA,
1F=3.20 pA, the oscillation initiating duration =6 sec.,
the mimmum oscillation initiating voltage and oscilla-
tion frequency deviation against power voltage varia-
tions 18 (.8 sec/day V. These results are completely
satisfactory to timekeeping crystal oscillators.

For comparison purposes, if the quartz oscillator is
excited by the CMOS amplifier without using the MOS
follower, the following unfavorable results are given:
the consumption current is 5.8 nA; the oscillation initi-
ating duration is over 40 sec.; the oscillation initiating
voltage is 1.6 V; the frequency deviation is 2.5 sec/day
V. Input-output waveform characteristics of the MOS
follower stage when biased via the Rrare illustrated in
FIG. 10, wherein the curve (A) represents relationship
between the follower input voltage V;,’ and the fol-
lower output voltage V,,; in case where the threshold
voltage V;, of the MOS transistor N’ of FIG. 7 is not
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ignored as compared with the power supply voltage
Vpp-Vss. The curve (B) shows the case where the
threshold voltage Vy; is extremely low as compared
with the power voltage V pp-Vssor zero. For the MOS
follower having the characteristics shown by the curve
(A), the operating center of the output Vg, 1s Vo
when the input of the MOS follower is biased with the

voltage
Vop — Vss
2

via Rywithin the CMOS amplifier. When the input V'
takes the signal waveform (1), the output -V, will take
the somewhat disturbed waveform (2). For the MOS
follower having the characteristic shown by the curve
(B), the waveform of the output V. contains little
distortion. As a matter of fact, the MOS follower as
shown by the curve (B) intends to increase the con-
sumption current. Meanwhile, when a large amplitude
signal is not necessary but waveform distortion must be
small, the CMOS amplifier and the MOS follower can
be AC coupled through a capacitor C as suggested in
FIG. 1. By a couple of resistors R and Rj, the source
follower input V' 1s biased with

VoD — Vs
2

to attain the waveform (8) containing little distortion. In
this instance Vur has the operating center Vgoc”.

As shown in FIG. 12, current limiting effects are
expected if a substrate potential is declined to Vg and
voltage drop is developed between a substrate and a
source due to the resistor R.

The consumption current is therefore reduced even
though the resistor R is not high.

Another approach to reduce and stabilize the output
impedance without a considerable large reduction in the
consumption current is suggested in FIG. 13 showing
employment of a resistor-load MOS amplifier.

FIG. 14 illustrates the output potential V,y,, the out-
put impedance Ry, the current I flowing through
N-channel MOS transistor N and the resistor R, etc., as
a function of the input potential V.

- The graph (I) in FI1G. 14 represents the V-V,
characteristics of the resistor-load amplifier. Due to the
presence of the threshold voltage Vi inherent to the
MOS transistors, the output potential V,,, remains un-
changed at V pptill the input potential V;, changes from
Vs to Vi However, during voltage transition from Vy
to Vs the output potential V,,, is greatly varied from
Vpp to Vos. As well, during transition from Vg to
V pp the output potential V,, 1s held at the saturated
value Vgs.

The graph (II) shows the development of the output
impedance R,y as a function of variations in the output
potential V,,. When the input potential V;, changes
from Vto V,,, the MOS transistor is held at the pinch
off state and therefore the output impedance Vg is
constituted by only the output resistor R. As the input
potential V;y, 1s increased via Vi to Vs, the on resis-
tance of the MOS transistor is correspondingly reduced
with an accompanying gradual reduction in the output
impedance Ry, The output potential V18 held at the
saturated state Vg till the input potential V;, 1s varied
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3.

from Vg to Vpp. Thus, the output impedance Ryyr
becomes unchanged. The curve (1) in the graph (1l)
shows the output impedance Ry, under the power sup-
ply voltage V pp-Vssand at room temperature, whereas
the curve (2) shows the same under the conditions
where the power supply voltage 1s lower than V pp-
Vs and the circumambient temperature 1s higher than
room temperature.

The graph (III) shows the current Iy flowing across
the power supply terminals V ppand Vs of the resistor-
load MOS amplifier when supplied with Vpp-Vgs, as a
function of the input potential V. Since the MOS tran-
sistor is at the pinch off state when the input potential
Vinis varied from Vssto Vg, no current Iy tlows. But,
as the input potential V;,1s increased via Vy, to Vs, the
ON resistance of the MOS transistor 1s reduced to
thereby increase the current Iy, If Vygis exceeded, the
current 17 1s saturated at iss.

As noted earlier, the amplifier of FIG. 13 supphes
current through the load resistor R when its active
elements are conductive. The output impedance Rgy: 1s
formed by the constant resistor R and the internal impe-
dance of the MOS transistor N. The number of the
MOS transistors as the active elements is reduced from
two to one such that variations in the output impedance
Rour due to the input and output voltage levels, the
power supply voltage and the temperature are further
minimized. |

FIG. 151s one preferred form of the present invention
which is predicated upon a combination of the comple-
mentarily coupled transistor amplifier and the above
discussed resistor-load transistor amplifier. In the prior
art amplifier, while the output impedance 1s relatively
high and its variations due to the input and output levels
and the power supply voltage are relatively large, the
voltage gain is high and the input impedance is high. In
accordance with the amplifier described with respect to
FIGS. 13 and 14, the input tmpedance is high but the
output impedance is relatively low and its variations
due to the input and output levels and the power supply
voltage also 1s relatively low.

. The embodiment of FIG. 15 comprises a CMOS
ampllﬁer 1 including a P-channel MOS transistor P, an
N-channel MOS amplifier N and a bias resistor Ry pro-
vided between its input and output, and a resistor-load
MOS amplifier 2 of which the load resistor R 1s i1s con-
nected to the drain of the N-channel MOS transistor IN.
The output node of the CMOS ampilifier 1 1s connected
to the input node of the resistor-load MOS amplifier 2.
With such an arrangement, the input node of the resis-
tor-load MOS amplifier 2 is biased.

In case where DC amplification 15 not needed and
variations in the bias level at the input node of the resis-
tor-load amplifier should be minimized, 3C level 1s cut
via a capacitor C and a resistor R/ establishes self bias-
ing as suggested in FIG. 16.

FIG. 17 illustrates various characteristics for the
purpose of explanation of operation of the circuits
shown in FIGS. 15 and 16. In FIG. 17, the graph (1)
represents reiationship between the input potential V)’
and the output potential V,,,” within the CMOS amph-
fier 1; the graph (II) represents the relaticnsiup between
the input potential V;; and the outpui potential Vi,
within the reststor-load MOE amplifier 2; the graph
(I11) represents the relationshi‘p between the oufput
potential V,,, and the output impe dance R, and the
graph (IV) represents the relationship between the
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input potential V; in the CMOS amplifier 1 and the
consumption current I, in the CMOS amplifier 1, the
counterpart Iy in the resistor-load amplifier 2 and the
sum thereof I7(=1I.+Ij). It is obvious from relationship
between the curve (1) in the graph (III) and the curve
(3) in the graph (IV) and relationship between the curve
(2) in the graph (I1II) and the curve (4) in the graph (IV)
that the consumption circuits Ir and 1.’ are unavoidably
increased if the output impedance Ry is sought to be
reduced. .

It will be noted that the operating center of the resis-
tor-load MOS amplifier 1 is somewhat shifted depend-
ing upon whether the DC coupling of FIG. 15 or the
AC coupling of FIG. 16 is employed. Such fact is de-
picted on the graphs (II) and (III) in FIG. 17. A shows
the operating center in case of the DC coupling while B
shows the same in case of the AC coupling.

As illustrated in the graph (I) in FIG. 17, the output
potential V,,; and the output impedance Ry are con-
stant until the input potential V;," is varied from Vppto
Vnin. Under these circumstances the consumption cur-
rent Iy of the resistor-load MOS amplifier 2 is zero and
hence the total consumption current I7is only the con-
sumption current 1. of the CMOS amplifier.

Therefore, as viewed from the graphs (II) and (III),
the output potential V,,, is approximately equal to Vs
and the output impedance R,y 1s gradually decreased to
the resistance Rgduring the period where the input V;,’
1s advanced from Vy;, toward Visy. Simultaneously,
the consumption current Iy and in other words 17 are
increased. |

During a period where V' is varied from Vsin to
Vss the resistor-load MOS amplifier 2 is saturated so
that the output potential V,,rand the output impedance
Rour are substantially settled at Vpgs and Rs. The con-
sumption current Iybecomes constant and the consump-
tion current I¢ is gradually reduced, thereby reducing
the total of the consumption current I7.

As suggested in FIG. 18, the CMOS amplifier 1 may
be provided in a multi-stage fashion. In case where the
number of the amplifier stages is an even number, inver-
sion is developed between the input V;, and the output
Vour. In the given example, the respective ones of the
CMOS amplifiers are AC coupled via a series of capaci-
tors C, C', ... C (n-1).

In FIG. 19, a two-stage CMOS ampilifier 1 is pro-
vided and the output V,,, of the resistor-load MOS
amplifier 2 is employed to excite the quartz resonator X.

Attention must be paid to the frequency characteris-
tics of the respective amplifiers. In FIG. 20, (a) repre-
sents the frequency characteristic of the CMOS ampli-
fier and (b) represents the counterpart of the resistor-
load amplifier, wherein the input signal is 10 mVp-p, the
voltage supply is 3.0 V and the output floating capaci-
tance 1s 8 pF.

In the case of the CMOS amplifier, the voltage gain is
about 130 at a low frequency range but only 1.8 in the
vicinity of the oscillating frequency of the quartz reso-
nator X (1.¢., 32.768 KHz). In contrast to this, for the
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FIG. 21 1s an example of a two-stage direct coupling
resistor-load amplifier. Detailed analysis of the bias
characteristics of the resistor-load amplifier of FIG. 21
1s as follows.

Biasing 1s basically accomplished by the resistor Ry
provided between the drain and the gate of the first
stage MOS transistor M;. Therefore, when the input

and output potentials of the transistor M; are respec-
tively le and Vﬂuf]_r

Voutl=Vin| ()

If the threshold voltage of the first stage MOS transistor
Miis Vint, Vin1 >0.

Vourl > V?n} — Vin (2)

This shows the fact that the MOS transistor M1 is in the
saturated state. Therefore, current ipg flowing through
the MOS transistor is as follows.

ips = k1 (Vint — Vin1)? (3)
/4
= kl""r (Vint — Vin1)?
peox
= 2iox L (Vin1 — Vh‘:l)2
- If current flowing through the load resistor Ry is iz,
. VoD — Voun 4)
(] = '__"'"""_'Rl
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resistor-load amplifier the voltage gain is about 40 at a 60

low frequency range and about 3.6 in the vicinity of the
oscillating frequency 32.768 KHz. The resistor-load
amplifier, therefore, manifests the better frequency
characteristics although the current consumption is
equal. Furthermore, since the gain within the DC and
low frequency region is lower for the resistor-load am-

phfier, a multi-stage arrangement of the resistor-load
amplifier is possible in principle.

65

Because the next succeeding state is a MOS gate load,
no DC current flows.

ips=ir, (5)

The equations (3) and (4) are substituted into the equa-
tion (3).

Vour=VDD—k1R1(Vin1 — Vin1)? (6)
The equation (1) is substituted into the above.
K1R| Vourt® + (1 = 2K1R1Vip1) Vourt + KiR{Vii2 — Vop=0 (7)
That is,
N1 + 4K1\Ry(Vpp — Vint) — 1
Vourl = Vipl + = == Vi1

2K1R1

In this manner, the first stage amplifier is biased via the
bias resistor Rrand provides the output potential which
1s determined by V1 of the MOS transistor My, K1, the
load resistor R; and the power supply voltage Vpp
without regard to Ry

The input-output relationship of the second-stage
resistor-load MOS ampilifier is as follow wherein K3 is
the constant of the MOS transistor Mj, V7 is the
threshold voltage of Mj and R3 is the load resistor.

K1R1=K3R; (%)
If the following is established,
Vini=Vin (10}

From the equation (8),
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Vourn=Vin2=Vout1 = Vinl I(“)
It thus can be considered from temperature-dependent
variations in Ky, Ka, V41, Vi, that the resistors Rjand
R are not varied when implemented with integrated
circuit technology. The equation (11) therefore seems
almost practical for use. The amplifier of FIG. 21 elimi-
nates the need for capacitor coupling and exhibits the
substantially stable performance characteristics.

FI1G. 22 shows an application of the amplifier of FIG.
21 to an oscillator containing a quartz resonator of
higher CI. A quartz enabling stage CD, an impedance
converter, consists of a load resistor R3 and a MOS
transistor M3 and serves to excite a quartz circuit CC.
Biasing 1s accomplished by Rf. A preamplifier PA as
suggested by FIG. 21 1s coupled via a capacitor Cops
with the quartz enabling stage CD.

FIG. 23 illustrates deviation in sec/day and the per-
1od of time required for initiating oscillation t,, as a
function of the power supply voltage Vg and external
capacitors C; and C;. The greater the deviation the
greater the capacitors Ciand C;. The most favorable
results are obtained at 0-0.5 S/D. V.. When the exter-
nal capacitors are not coupled, the period tys.is reduced
to a minimum (shorter than 1.0 sec.). FIG. 24 depicts
the total consumption current Iy (nA), the deviation
(sec/day) and the oscillation period tys (sec.) when the
power supply voltage Vpp-Vsgis 1.55 V and the exter-
nal capacitors Ci and C; are altered.

While only certain embodiments of the present inven-
tion have been described, it will be apparent to those
skilled in the art that various changes and modifications
may be made therein without departing from the spirit
and scope of the invention as claimed.

What is claimed is:

1. A high impedance crystal oscillator comprising:

vibrating crystal means for creating a signal; and

a resistor load amplifier means for amplifying the

signal created by said vibrating crystal means, said

resistor load amplifier means including:

first and second bias voltage means, said first bias
voltage means having a voltage different from
said second bias voltage means;

first and second impedances, each having first and

- second terminals, the first terminal of each impe-
dance being connected to said first bias voltage
means: |

a first semiconductor switch having a control ter-
minal, an output terminal, and a third terminal,
the control terminal of said first semiconductor
switch receiving said signals created by said
vibrating crystal means, the output terminal of
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said first semiconductor switch being connected

to the second terminal of said first impedance,
and the third terminal of said first semiconductor
switch being connected to said second bias volt-
age means; |

a second semiconductor switch having a control
terminal, an output terminal, and a third termi-
nal, the control terminal of said second semicon-
ductor switch being connected to the output
terminal of said first semiconductor switch, the
output terminal of said second semiconductor
switch being connected to the second terminal of
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said second impedance, and the third terminal of

said second semiconductor switch being con-
nected to said second bias voltage means;

whereby the output of said second semiconductor

switch 1s the output of said resistor load amplifier

‘means and i1s used to excite said vibrating crystal

means into vibration, said output of said resistor

load amplifier means being of a constant frequency
regulated by said vibrating crystal means;

a resistor load impedance converter means for reduc- -
ing the output impedance of said resistor load am-
plifier means to more easily excite said vibrating
crystal means, said resistor load impedance con-
verter having an input connected to the output of
said resistor load amplifier means and an output
connected to said vibrating crystal means, said
resistor load impedance converter including:

a third impedance having first and second termi-
nals, the first terminal of said third impedance
being connected to said first bias voltage means;

a third semiconductor switch having a control
terminal, an output terminal, and a third termi-
nal, the control terminal of said third semicon-
ductor switch connected to the output terminal
of said second semiconductor switch, the output
terminal of said third semiconductor switch
being connected to the second terminal of said
third impedance and to said vibrating crystal
means, the third terminal of said third semicon-
ductor switch being connected to said second
bias means; and B

fourth impedance means for biasing said third semi-
conductor switch, said fourth impedance means
being connected between the control and output
terminals of said third semiconductor switch.

2. The high impedance crystal oscillator of claim 1

further comprising: |

reshaping circuit means for amplifying and reshaping
the output of said resistor load amplifietr means,
said reshaping circuit means having an input and an
output, the input being connected to the output of
said resistor load amplifier means and the output of
said reshaping circuit means being the output of
said high impedance crystal oscillator, said reshap-
ing circuit means including; o
fifth impedance having first and second terminals;
fourth semiconductor switch having an input ter-

minal, an output terminal, and a control terminal;
fifth semiconductor switch having an input termi-
nal, an output terminal, and a control terminal;

- and

wherein the first terminal of said fifth impedance
and the control terminal of said fourth and fifth
switches are connected together and to the out-
put of said resistor load amplifier means, and the
second terminal of said fifth impedance and the
output terminals of said fourth and fifth switches
are connected together and form the output of
said high impedance crystal oscillator.

3. The high impedance crystal oscillator of any of

claims 1 and 2 wherein said semiconductor switches are

MOSFET:s.
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